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This account covers template effects that lead to the formation of polynuclear coordination compounds,
with a focus on how the interplay of the structure-directing effects of multiple agents (including inor-
ganic anions and organic ligands) combine to influence the geometry and nuclearity of metal-
containing assemblies. Simple anions and ligands impart defined geometric shapes (triangles, squares,
hexagons) onto oligonuclear assemblies, and these shapes can combine to produce a range of more
sophisticated metallo-supramolecular architectures (including Platonic and Archimedean solids). An
understanding of the structure-directing effects of simple templates is therefore necessary to predict
or rationalise such polynuclear architectures, which may have wide-ranging applications in catalysis,
in magnetism, as sensors, etc. This article primarily focuses on halide-templated assemblies of first
row transition metal ions (particularly manganese coordination clusters and vanadates), but the princi-
ples discussed herein are applicable to a much wider range of coordination compounds.
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1. Introduction

All synthetic supramolecular, self-assembly or coordination
chemistry approaches rely, on some level, on template effects or
related structure-directing effects, whereby the geometry and
nuclearity of the final product depends on the preferred geome-
tries of the starting materials. In simple situations, the structure-
directing effects are trivial to predict and understand, but in order
to generate more sophisticated supramolecular structures, multi-
ple templating effects must be taken into account. In many cases,
several distinct classes of reactants (metal ions, inorganic counte-
rions, organic ligands) must work in concert with one another to
generate a desired structure.

The interplay of multiple distinct components during self-
assembly reactions has been recognised for some time. Lehn
et al. demonstrated in 1997 that a combination of anion and ligand
structure-directing effects controlled the nuclearity of the circular
helicate molecules, generating tetranuclear, pentanuclear or hex-
anuclear examples of iron helicates [1]. These principles were
recently elaborated upon by Leigh et al. to generate sophisticated
interlocked knot systems including the 819 knot and pentafoil
knots (Fig. 1) [2–4]. Supramolecular cage structures are also well
known to depend on both supporting ligand and central anion
template effects to determine cage sizes and geometries [5–7].
Similarly, topology and pore size in metal–organic framework
(MOF) structures can be controlled using combinations of
structure-directing effects involving multiple components [8–11].

Clearly, many diverse and interesting structures of metal-
containing assemblies can be generated by careful control (or
serendipitous application) of anion and ligand effects. In this
account, we aim to emphasise the combination of structure-
directing effects from multiple anionic components, and how these
effects combine to influence the geometry, nuclearity, and proper-
ties of selected, polynuclear coordination compounds. The interac-
tions which hold these diverse structures together range from
weak electrostatic and van der Waals forces to strong, quasi-
covalent interactions. Much attention has previously been given
in the literature to electrostatic and hydrogen bonding effects
when examining supramolecular assemblies [12–15]. For details
of anion-ligand interactions and self-assembly processes, the
reader is directed towards recent review articles by Beer et al.
[16–19]. Here, we focus on systems where coordination bonds
are the primary structure-directing mechanism. A comprehensive
review of such a vast area of synthetic chemistry is, of course, sim-
ply impractical – therefore, in this account we will restrict the
focus to selected systems containing first-row transition metals,
where at least one structure-directing agent in the system is a
halide. This restriction is somewhat arbitrary, but the highlighted
synthetic concepts are generally applicable to a wide array of coor-
dination compounds. For conceptual clarity, the compounds dis-
Fig. 1. Many of the most impressive supramolecular assemblies require combinations o
including a) the iron helicates by Lehn et al. b) the pentafoil knot by Leigh et al. c) the 819
cussed in this review will be grouped by the connectivity of
halide ions, emphasising their structure-directing effects as nucle-
ophiles and donor ligands.

2. Polynuclear coordination compounds

Coordination complexes with terminal metal-halide (M-X)
bonds are well known. In these systems, the halide ions act as sim-
ple, monodentate ligands to single metal centres, and thus do not
impart significant structure-directing effects. However, structural
diversity increases somewhat as one extends towards bridging
halide donors, which can generate complex polynuclear coordina-
tion compounds.

Polynuclear metal assemblies (i.e. coordination compounds
containing multiple metal centres in reasonably close electronic
contact with one another) are an important class of coordination
compound. The combination of multiple metal centres in close
proximity gives rise to interesting electronic and magnetic proper-
ties. Much attention has been devoted over the past decades to the
study of magnetic interactions in these compounds, with the inter-
actions between paramagnetic metal centres in close proximity to
one another giving rise to complex ferromagnetic or antiferromag-
netic behaviours, uncompensated magnetic moments, slow relax-
ation of the magnetic moment and quantum effects [20,21]. In
particular, the subclass of single molecule magnets (SMMs) have
attracted particular attention in recent years, and have been postu-
lated as potential components in high-density data storage devices
[20,22].

Polynuclear coordination compounds also find use in catalytic
studies, as multiple charge equivalents can be accumulated on a
single molecule across several redox-active metal sites. This can
be useful in catalysing multiple-electron reactions, for example
the four-electron water oxidation reaction [23–26]. The well-
defined molecular environments allow an insight into the details
of catalytic reactions and how perturbations of the catalytic geom-
etry affect the reactivity.

Synthetically, the formation of these compounds is often gov-
erned by template effects. Coulombic repulsion between positively
charged metal centres must be overcome in order to generate
polynuclear entities [27]. This can be achieved using organic ligand
or inorganic anion stabilisation effects, or a combination of the
two. When rationalising the overall geometry of a polynuclear
coordination compound, therefore, it can be sensible to describe
the structure by the geometry imparted by the stabilising or
structure-directing agents (Fig. 2).

Simple stabilising agents have a preferred geometry, and will
tend to bias a reaction system towards a specific geometry. How-
ever, most stabilising agents have multiple possible coordination
geometries – this is demonstrated in the case of phosphonate
ligands in Fig. 2a [28]. These preferred geometries can be repre-
f multiple structure-directing agents (metals, ligands and anions) in order to form,
knot by Leigh et al. [1,2,4]. Reproduced with permission of ACS and Science (AAAS).



Fig. 2. a) Some binding modes of phosphonate ligands (as an example), along with the Harris notation [28] and geometrical representations of the binding mode. b) In order
to emphasise the structure-directing effects of ligands on metals, we define ligand geometry in this article by the geometry of the metal centres.

Fig. 3. a) Coulombic repulsion between metal centres in solution prevents the aggregation of polynuclear metal assemblies. b) Interactions between metals and structure-
directing agents (anions and ligands) can overcome Coulombic repulsion to stabilise polynuclear assemblies. c) Interactions between metals and structure-directing anions
can generate transient polynuclear assemblies with well-defined geometries. If a suitable structure-directing (anionic or neutral) ligand is present, these pre-ordered
assemblies can be trapped into either molecular or extended materials.
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sented as simple two-dimensional geometric shapes. While the
binding mode of a given structure-directing agent can sometimes
be difficult to predict from first principles, this approach allows
structures to be understood in simple terms.

Given that multiple geometries can be achieved by simple sta-
bilising agents, it is rational to consider multiple structure-
directing agents in conjunction with one another (Fig. 3). In the
case of simple metal halide solutions, the halide ions can engage
in multiple (possibly weak) coordination bonds to several metal
centres, compensating for repulsion between the positively
charged ions. This will tend to happen in a transient manner, with
multiple possible conformations of halide-templated assemblies
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existing in equilibrium with one another. A second structure
directing agent (ligand) which preferences one of the transient
geometries over the others can effectively ‘‘trap” the system into
a specific geometry. Thus, it is the combination of multiple
structure-directing agents, which determines the final product.
Strategic choice of structure-directing agents can generate either
molecular or extended structures with the targeted physicochem-
ical properties (Fig. 3).
3. Structure-directing l3-halide ions
3.1. Halide-centred {M3X} triangles

One of the simplest halide-templated geometry for metal cen-
tres to adopt is the halide-centred {M3X} triangle, where the
structure-directing halide (X) ion coordinates to three metal cen-
tres in a l3 binding mode. Triangular metal assemblies are partic-
ularly interesting in the context of paramagnetic metal ions, as the
three metal centres cannot achieve an antiferromagnetic spin-
pairing arrangement, thus giving rise to uncompensated spin states
and resulting in a non-zero spin ground state [29–31]. However,
the halide-centred arrangement is quite uncommon for first row
transition metals, requiring cooperation from relatively specific
ligands to stabilise the arrangement.

One approach towards stabilising {M3X} motifs is to generate
cage-like ‘‘cyclophane” ligands (Fig. 4a) [32–34]. These ligands
effectively force a triangular metal arrangement, which requires
a central ion to satisfy the bonding requirements of the three metal
ions. Murray et al. have generated examples with iron (II), man-
ganese (II) and cobalt (II) triangles stabilised by central chloride
or bromide ions [32–34]. However, size constraints result in signif-
icant distortion in these cage systems, with combinations of termi-
nal and bridging halides required to satisfy coordination
Fig. 4. a) The simple halide-centred {M3X} motif can be stabilised by ‘‘cyclophane” cag
assembled from four triangular {Co3F} faces and four {Co6(PO4)} faces [33,35].
environments [33]. The bromide analogues are sufficiently dis-
torted that the stabilising bromides may be displaced (for example
by bridging hydride ligands, which can subsequently be used for
CO2 reduction) [32,34].

In comparison, Helicates offer a more flexible platform for gen-
erating {M3X} triangles [35–37]. Polydentate N-donor ligands have
been demonstrated to be able to accommodate {M3X} motifs of
varying sizes, with the smaller {M3O} triangle inducing an {M5O}
‘‘mesocate” structure while the larger {M3Cl}, {M3Br} or {M3I} tri-
angles induce larger {M8X2} helicate structures [38]. The {M8X2}
helicates contain two {M3X} trianglar motifs stabilised by three
capping N-donor ligands in a screwed arrangement. Anion substi-
tution can switch the system between {Mn5O} and {Mn8Cl2}
arrangements [37].

While {M3X}-centred triangles are relatively rare for the first
row metals, a general exception to this rule seems to be the
{Co3F} triangle. Winpenny et al. reported numerous examples of
polynuclear cobalt entities stabilised by phosphonate and carboxy-
late ligands, several of which contained {Co3F} triangle units [39–
41]. {Co3F} triangles have also been reported as components in
extended solids [42–44]. A particularly exciting example of a struc-
ture with {Co3F} triangles is a remarkable {Co12} coordination clus-
ter, [Co12F4(PO4)4(H2O)6]8+ [45]. In this structure, the twelve cobalt
ions define the vertices of a truncated tetrahedron (an Archime-
dean solid generated from four triangular and four hexagonal
faces). Each triangular face is represented by a {Co3F} unit, while
each hexagonal face is represented by a {Co6(PO4)} unit, with the
phosphate coordinating in a {6.222} mode [45]. In a principle that
will be demonstrated repeatedly throughout this review, the
structure-directing effects of two distinct components (fluoride
and phosphonate) are required to generate this particular
geometry.

The edge of each triangular face in the {Co12} unit is capped by a
carboxylate ligand. In the example presented, bridging ferrocene-
type ligands are used to bridge between the {Co12} units, generat-
e ligands. b) The {Co12} unit with the geometry of a truncated tetrahedron can be
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ing an impressive extended framework structure [45]. The frame-
work was investigated for its gas sorption properties, and the
authors note the potential utility of the truncated octahedron node
as a building unit in MOF chemistry. One potential drawback of the
unit is that formation seems to be sensitive to reaction conditions –
the authors note that in situ hydrolysis of PF6� is required to gener-
ate the fluoride, and speculate that a bulky, zwitterionic linker
might be necessary for framework formation [45]. Nevertheless,
this structure is quite remarkable and may find interesting uses
in future.
3.2. Halide-capped {M3X} triangles

In contrast to halide-centred triangles, halide-capped triangles
are extremely common. In this arrangement, the halide ion is dis-
placed from the centre of the metal ions and is instead located
above the plane of metal ions. Numerous examples of this motif
are reported in the literature, using a variety of metal ions and cap-
ping halides, of which only some are cited here [46–52]. The
prominence of this structural motif in the literature highlights a
strong preference for this geometry and indicates a significant
structure-directing effect on behalf of the halide ion. In many
examples, the triangular unit only requires terminal ligands (com-
monly ethylenediamine or related capping ligands) to stabilise the
structure [48–52]. Helicates similar to those discussed above are
also known – in some examples multiple triangles within a helix
structure will share capping halide ions [53,54].
Fig. 5. Octahedral {Mn6} motifs can be generated using combinations of {Mn3X} and {
generate an {Mn10} ‘‘supertetrahedron”. The supertetrahedron can be further assembled
The halide-capped triangle is particularly prominent in cubane-
type systems [55–60]. These structures can be considered as being
composed of four metal centres that adopt a tetrahedral arrange-
ment, with each triangular face capped by a l3-X ligand (the metal
ions and capping ligands combined then define the vertices of a
cube). This can be achieved in an {M4X4} fashion [55–57], or in a
{M4O3X} fashion [58–60]. In the late 80s and early 90s, {M4O3X}
systems were heavily investigated in an attempt to elucidate the
structure and reactivity of the active centre of photosystem II
(PSII), a key component in photosynthesis [61–66]. Cubane units
can also be used as building units in larger structures [67]. A
related {M4X6} structure is sometimes described as a ‘‘double
cubane” – this can be conceptualised as two face-sharing cube
units, with two opposing metal centres removed [68].

3.2.1. Supertetrahedra
As demonstrated by the {Co12} truncated tetrahedron described

above, the combination of multiple structure-directing motifs onto
a single molecule allows complicated geometries (including Pla-
tonic and Archimedean solids) to be accessed. Further modification
of the templating units can introduce further structural sophistica-
tion and complexity. This principle is demonstrated by the family
of manganese compounds, the {Mn10} supertetrahedra (Fig. 5).

The core of the {Mn10} supertetrahedron can be considered as a
{Mn6} octahedron. As a simple platonic solid, an octahedron can be
generated by a combination of eight simple triangular faces. Since
both l3-halides and l3-oxo ligands generate triangular geometries,
{Mn6} octahedra can be generated from alternating {Mn3X} and
Mn3O} triangles. Expansion of the {Mn3O} triangle to an {Mn4O} tetrahedron can
into {Mn17}, {Mn19}, {Mn22} and {Mn36Ni4} units [81,82,89,90].
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{Mn3O} triangles, in the presence of suitable capping ligands. This
strategy has been exploited to isolate {Mn6O4Cl4} and {Mn6O6Br2}
compounds. Reports on these compounds have focused on their
magnetic properties [69–71].

The {Mn6O4X4} octahedral motif can be conceptually expanded
to generate the supertetrahedron. By expanding the {Mn3O} trian-
gles to {Mn4O} tetrahedra, an additional four Mn centres can be
incorporated onto the octahedral core. These four centres define
the supertetrahedron (Fig. 5). These species have been isolated
with a range of l3-halide (Cl�, Br�, I�) or l3-pseudohalide (N3

�)
structure-directing agents [72–78]. Capping ligands bridge
between the metal centres along the edges of the supertetrahe-
dron, with several binding motifs possible. {Mn10} supertetrahedra
are generally mixed-valence species, but careful manipulation of
the capping ligands can force a redistribution of the MnII and MnIII

centres within the structure [79]. A related {Mn9} structure can
also be generated using similar building principles [80].

In addition to showcasing geometric building principles rather
well, the {Mn10} supertetrahedron units are particularly interesting
when considered as building units in larger structures. Several
remarkable species have been generated using the {Mn10} unit as
a subcomponent, constructed from the same building principles
as described above [81–88]. Dimers of the {Mn10} building unit
have been reported by Powell et al. The unit can be dimerised in
either a vertex-sharing or edge-sharing manner. The edge-sharing
{Mn17} analogues make use of carboxylate ligands in {5.32} binding
modes to bridge between the two supertetrahedral units [75,89].
Meanwhile, the vertex-sharing {Mn19} analogue is particularly
interesting in the context of molecular magnetism. Ferromagnetic
interactions between the metal centres impart a S = 83/2 spin
ground state to the molecule, the maximum possible for a {MnIII

12-
MnII

7} system [81]. This molecule held the record for the highest spin
value for nearly a decade before being surpassed by an {Fe42} com-
pound [90]. The magnetic interactions between the spin centres in
{Mn19} are mediated predominantly by the l4-oxo ligands, and so
the spin state is insensitive to substitution of the templating species
(N3

�, Cl�, Br�, �OMe have all been used) [82,83].
Moreover, the central ion at the shared vertex of the {Mn19}

molecule can be replaced by a variety of ions to generate
{Mn18M} species [84,85]. Diamagnetic M species at this position
effectively separate the two supertetrahedral subunits, with vary-
ing degrees of magnetic interactions between the two subunits
depending on the nature of the central ion [84]. Introducing aniso-
tropic ions such as DyIII into this position was also shown to be an
effective method of significantly increasing the anisotropy of the
system, generating single molecule magnet (SMM) behaviour
[85]. The capping ligands on {Mn19} species can also be substituted
– this has very little impact on the magnetic interactions, but does
generate interesting building units which could potentially be
functionalised further [86].

By using bridging ligands, the {Mn10} supertetrahedron can be
further connected to other metal centres to generate larger enti-
ties. In one such example, chiral Schiff base ligands were used to
connect the {Mn10} supertetrahedron to four {Mn3} units, generat-
ing an impressive {Mn22} structure with 12 stereogenic centres
[87]. The structure can be considered as composed of four {Mn4}
tetrahedra, each sharing a vertex with a central {Mn10} supertetra-
hedron. The compound displays both ferroelectric and ferromag-
netic properties [87].

A truly remarkable structure generated using supertetrahedral
building units is the mixed metal {Mn36Ni4} system. This consists
of two {Mn10Cl4} supertetrahedra, which are connected via bridg-
ing acetate ligands to two {Mn8Ni2} ‘‘loop” units [88]. The system
is noteworthy for the simplicity of the building units which gener-
ate the structure – in addition to the Cl� and O-donor templates
required for the {Mn10} subunits, the entire system is supported
only by propanediol, acetate and pyridine ligands [88]. This system
is a nice example of how intricate, well-defined architectures can
be generated from simple templating or structure directing units.
4. Structure-directing l4-halide ions

4.1. Halide-centred {M4X} squares

Moving to {M4X} structural units, Hirotsu et al. provides a neat
demonstration of the complementarity of ligand and anionic
template in generating different {M4} structures [91]. By using
the same xanthene-derived polydentate O- and N-donor ligand
but changing the anionic template, both the connectivity and
the oxidation state of the resulting {Mn4} compound could be
manipulated [91]. Acetate anions afforded a mixed-valent, oxo-
bridged ‘‘double cubane” structure, while chloride anions
afforded a chloride-centred, all-manganese (III) square structure
(Fig. 6a) [91]. This structure has a simple {M4X} motif where the
halide is located at the centroid of a square unit composed of
Mn(III) ions.

This simple {M4X} square motif can be isolated as a molecular
structure in the case of cobalt (II) using bulky, stabilising
pyrazolate-type ligands with two chelating N-donor sites that
complement the geometry of the square template [92]. The same
ligand motif can be used to generate bromide-centred nickel (II)
squares (Fig. 6b) [93]. More commonly, this halide-centred {M4X}
square motif is found in extended structures, rather than discrete
complexes (Fig. 6b). Various ligands can bind across the edge of
the {M4X} square, usually with two ligands capping each M-M edge
to generate an eight-coordinate {M4L8X} node. Using reticular syn-
thesis concepts [94], this eight-coordinate node can be connected
into extended, porous framework structures using linear or trian-
gular linker ligands.

Numerous examples of these frameworks have been prepared,
using first row transition metals (Mn, Fe, Co, Cu, Ni and Zn) with
bridging linker ligands (carboxylate, pyrazolate, triazolate and
tetrazolate) of various geometries [95–109]. As is common for
framework compounds, applications focus principally on host-
guest interactions such as gas capture/storage/separation [95–
99], with a slightly lesser focus on catalysis [100] and magnetism
[101,102]. The formation of this node has been shown to be sensi-
tive to substitution of solvent [102] or counterion [103].

In some cases, direct synthesis of this node is not possible. How-
ever, transmetallation has been shown to be a successful avenue
towards frameworks with this {M4X} square motif in the nodes,
including in a single-crystal-to-single-crystal fashion [104,105]. In
one example, amanganese (II) tetrazolateMOFwith crystallograph-
ically distinct metal sites (intra- and extra-framework) was trans-
metalated with iron (II), copper (II) or zinc (II) [106]. Using a
multiwavelength anomalous dispersion (MAD) X-ray technique,
the extent of substitution, as well as the crystallographic position
of the substituting ions in this framework, could be quantified [106].

The {M4X} squaremotif can also be stabilised by calixarene-type
ligands. Calix[4]arene ligands possess four O-donor ligands in a
suitable geometry to stabilise the square structure, if the square is
sufficiently small. Fluoride-centred manganese (II) square motifs
supported by two calix[4]arenes have been reported, where two
macrocyclic ligands cap each side of the square. The structureswere
investigated for photophysical and magnetic properties [110,111].

4.2. Halide-capped {M4X} squares

4.2.1. Shuttlecocks
Whist calix[4]arenes can be applied to stabilise the above

described complexes, calixarene-type ligands are more commonly



Fig. 6. a) The importance of halide template effects is demonstrated for a xanthene-derived polydentate ligand, which forms {MnIII
2 MnII

2} structures when combined with
manganese acetate, but {MnIII

4 } structures in the presence of a l4-Cl� chloride template. b) The {M4X} square motif (featuring a l4-X template) can be combined with either
capping or bridging ligands to generate molecular or extended structures [91,92,108].
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used in conjunction with halide templates to generate
‘‘shuttlecock”-structured assemblies. These compounds exploit
the {M4X} capped square motif, where the templating halide ion
caps the plane of a {M4} square (Fig. 7a). This geometry is suitable
for thiacalix[4]arenes to bind to the face opposite the halide. The
complementary concave geometries of both the {M4X} capped
square motif and the thiacalix[4]arene ligands generates concave
assemblies with hydrophobic binding pockets.

Although some examples have been generated using iron (II)
and nickel (II) [112,113], the most common examples of this motif
are chloride-capped cobalt (II) {Co4Cl} shuttlecock structures. This
structure possesses peripheral binding sites, which are commonly
occupied by carboxylate ligands. Neatly, these carboxylate ligands
can be displaced by polytopic carboxylate ligands, connecting sev-
eral shuttlecock units into larger structures (Fig. 7b). For example,
in 2012 Liu et al. used tritopic carboxylate ligands to generate a 6 x
{Co4Cl} nanocage structure. When only the metal atoms are con-
sidered, this structure has a truncated octahedron core, with the
concave calixarene entities capping each square face of the struc-
ture [114]. By varying the size of both the linking carboxylates
and the calixarene capping ligands, either of the two potential
binding pockets in this molecule (the cage core or the calixarene
pocket) could be modified (Fig. 6b) [114].

Various linking units have been used to generate connected
structures from this motif. The multiple binding modes of phos-
phonate ligands can be used to connect these {Co4Cl} shuttlecocks
into dimers, trimers or tetramers [115]. Cage, grid and polymer
aggregates are also possible using linking carboxylate or pyridyl
ligands, depending on reaction conditions [116–119]. In one exam-
ple, bifunctional pyridine-carboxylate linkers were used to switch
between 4x{Co4Cl} tetrahedra and 4x{Co4Cl} cylinders by
manipulating linker coordination modes via altering pH conditions
[120]. Probably the most interesting connector units are {MoO4}
or {WO4} units, which were used to generate an octahedral 6 x
{Co4Cl} shuttlecock structure [121]. These mettallosupramolecular
species are analogous in structure to the nanocage presented in
Fig. 7b, and represent the first examples of mixed-metal assem-
blies derived from the {Co4Cl} shuttlecock structure. Further stud-
ies on shuttlecock structures have largely focused on host-guest
interactions or magnetic behaviour.

While the formation of the shuttlecock structure is possible
without chloride influence [122], the combination of thiacalix[4]



Fig. 7. a) The combination of the concave {M4X} ‘‘capped square” motif with complimentary concave thiacalix[4]arene ligands can generate shuttlecock structures. b) The
metal centres in the shuttlecock motif retain peripheral binding sites, which allow individual shuttlecock entities to be further self-assembled into larger architectures
including polymers and cages. The example shown here is a 6x{Co4Cl} nanocage with a truncated octahedron core [114].
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arene ligands with first row transition metal ions in the absence of
halides does not guarantee the formation of the shuttlecock struc-
ture [123,124], indicating that halide and ligand are acting in a
cooperative fashion to generate the shuttlecock structure. The
most common approach to displace the chloride ion from these
structures is by oxidising the sulfur units to sulfonyl units, gener-
ating additional stabilising O-donor atoms on the ligand [119]. In
this configuration the role of the capping halide ion can be replaced
by an oxo-ligand [125–128]. These shuttlecock assemblies have
some potentially very interesting uses in catalysis [129].

4.2.2. Cuboctahedra
Archimedean solids are a set of fundamental three-dimensional

shapes generated from combinations of regular polygons. In prin-
ciple metallosuramolecular synthesis concepts allow these shapes
to be rationally generated by imparting the combination of multi-
ple structure-directing motifs during the formation of a targeted
molecule.

This synthetic principle is demonstrated by a family of man-
ganese (III) phosphonates (Fig. 8) [130,131]. The parent structure
for this family, [Mn13O8Cl6(tert-butyl-PO3)8], possesses the geome-
try of a cuboctahedron (an Archimedean solid generated from six
square and eight triangular faces). In this highly symmetric struc-
ture, the eight phosphonate ligands cap each of the triangular faces
in a {3.111} binding mode (representing the points of a cube),
while the six chloride ions cap each square face (representing the
points of an octahedron) [130]. In combination with a {MnIIO8}
cubic core, the separate square and triangular structure-directing
effects combine to stabilise the {Mn13} geometry. All of the Jahn-
Teller elongated axes of the manganese (III) centres align in the
direction of the chloride capping units, indicating a preference
for l4-chloride ligands to locate in kinetically labile Jahn-Teller
sites [130].

Perturbation of this parent cluster allows access to different
(generally lower symmetry) analogues of the {Mn13} structure,
with the geometry and nuclearity of the resulting species deter-
mined by the templating species which bind to the cluster. One
such structure is a {Mn12} analogue H5[Mn12O8Cl4(tert-butyl-
PO3)10]2�, which is conceptually related to the parent {Mn13} struc-
ture by removing two adjacent chloride units and the manganese
centre between them, effectively leaving a vacancy or lacuna in
the structure (Fig. 8) [131]. Two additional phosphonate ligands
are recruited and some rearrangement of the phosphonate binding
modes around the lacunary site occurs to stabilise the compound
[131].

A series of analogous structures can be obtained by the formal
insertion of one, two or three manganese centres into this lacunary
site, stabilised by the dangling phosphonate ligands around the
lacuna site. A lower-symmetry {Mn13} structure, H5[Mn13O9Cl5
(tert-butyl-PO3)10]2�, can be formally constructed by the insertion
of an additional manganese (III) centre into the lacunary {Mn12}
structure. The additional manganese centre is capped by a mon-
odentate chloride ligand. Similarly, a {MnII-OH-MnIII} unit, along
with an additional peripheral phosphonate ligand, can bind
into the lacunary site to generate a chiral {Mn14} structure,
H2[Mn14O9Cl4(tert-butyl-PO3)11(aminopyridine)]2�. Finally, a
{Mn2

IIMnIIIO} unit can be incorporated into the lacunary site to
generate a {Mn15} structure. These influence of nuclearity and
asymmetry of these compounds on their magnetic properties
was investigated [130,131].

When the relative chloride content of the cluster is further
reduced an interesting {Mn15} structure, H4[Mn15O8Cl2(tert-butyl-
PO3)12(MeO)6]2�, can be isolated [131]. Conceptually, this can be
understood by taking the symmetric {Mn13} parent compound,
generating two lacunary sites on opposite sides of the structure,
and introducing {MnII-OH-MnIII} units into both of these lacunae.
The symmetry of the parent compound is significantly distorted
in this analogue, giving rise to significant magnetic anisotropy
due to the rearrangement of the Jahn-Teller axes of individual MnIII

centres [131]. In this case the anisotropy in the structure is suffi-
cient to result in slow relaxation of the magnetisation and single
molecule magnet (SMM) behaviour [131].

When no structure-directing halide ions bind to the cluster, a
final example of the {Mn13} family, H4[Mn13O8(tert-butyl-



Fig. 8. a) The combination of {M4X} capped square motifs with triangular phosphonate ligands can generate the Archimedean Cuboctahedron geometry, exemplified by a
{Mn13P8Cl6} species. b) Modification of the reaction conditions can generate lower-symmetry analogues of this structure. These can be conceptualised as removing one Mn
centre to generate a lacunary structure and introducing zero, one, two or three Mn centres into the lacunary site to generate {Mn12P10Cl4}, {Mn13P10Cl4}, {Mn14P11Cl4} or
{Mn15P10Cl4} species. Further modification of the structure generates a {Mn15P12Cl2} species which is sufficiently anisotropic to display single molecule magnet (SMM)
behaviour [130,131].
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PO3)10(MeO)6(picoline)4]0.5+, can be isolated [132]. This system is
extremely distorted, but retains the cuboctahedron topology by
expanding the coordination modes of six of the phosphonate
ligands to {4.211} bindingmodes to generate the (distorted) square
faces. Four of the triangular faces are capped by the remaining
phosphonates in {3.111} binding modes, with the remaining four
triangular faces remaining uncapped. It was demonstrated that
the labile terminal picoline and methanol ligands on the structure
could be displaced by bridging linker ligands, generating
supramolecular polymer systems. Moreover, the use of a redox-
active linker ligand tetracyanoquinodimethane (TCNQ) simultane-
ously connects the coordination cluster into a supramolecular
polymer while influencing the oxidation state of the central man-
ganese atom, significantly affecting the magnetic properties of
the system.

Thus the presented class of manganese coordination com-
pounds with cubocahedral topology demonstrates a metallo-
supramolecular principle, whereby relatively simple templates
(triangles and squares) can be combined to generate structurally
complex, high nuclearity species. Moreover, lower symmetry and
chiral analogues can be generated, effectively introducing SMM
behaviour into the complexes by simply perturbing the balance
of structure-directing templates bound to the complexes. Impor-
tantly the compound retain their structural integrity in organic sol-
vents such as acetonitrile or methanol, allowing mass
spectrometry to be applied to monitor the transformations
between individual structures.

4.2.3. Vanadates
The {M4X} capped square motif is also common in an important

class of compounds, the vanadates. Vanadates are somewhat dis-
tinct in their chemistry from other first row transition metals,
belonging to set of compounds known as polyoxometalates (POMs)
[133]. Templating and structure directing effects like those dis-
cussed above are foundational concepts in POM chemistry [134],
but POMs are classically supported by only oxo-ligands and oxo-
anions (although strategies do exist to incorporate organic ligands
or heteroatoms into the structures [135,136]). However, unlike
other POMs, vanadates can form square pyramidal {VO5} oxo-
units [133]. It has been shown that non-oxo anions and nucle-
ophiles (including halides and pseudohalides) can donate to the
r⁄ orbitals of the terminal V = O double bond in the {VO5} units,
allowing non-oxo anionic template species to be incorporated into
vanadate structures [137–140].
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The {V4X} capped square motif is particularly common in vana-
date species (Fig. 9). The {V4X} motif is usually stabilised by four
terminal V = O oxo-ligands (one on each metal centre) and by
ligands which bridge along the sides of the square. In fully oxidised
(VV) species, four bridging oxo-ligands are most common, while in
reduced (VIV) species {PO4} or {AsO4} units can bridge between the
metal centres by binding to the opposite face from the halide. Like
the {M4X} squares described above, the {V4X} motif is usually addi-
tionally stabilised along each edge by peripheral bridging ligands
such as carboxylates, phosphonates or arsonates (Fig. 9b). While
Fig. 9. a) Anionic (non-oxo) species can interact with square pyramidal {VO5} units v
peripheral ligands are partially shaded. The unit may also be capped by {RPO4} or {RPO3}
effects in vanadate synthesis. Under identical synthetic conditions, the presence of ch
[142,146].

Fig. 10. Various vanadate capsule molecules based on the {V4X} motif and either phosph
belt units determine the size and shape of the cavity, which is occupied by the halide t
this motif can be isolated using capping organic ligands
[141,142], structurally complex structures can be generated using
bridging ligands.

One family of vanadate compounds containing the {V4X}
capped square motif is the set of capsule vanadates (Fig. 10). In
these compounds, two square vanadate units are supported by four
peripheral phosphonate or arsonate ligands. The dangling O-
donors from these ligands can then coordinate to a vanadate ‘‘belt”
to generate a capsule structure. The coordination modes around
these bridging vanadate units determines the overall size and
ia weak coordination bonds. b) This can result in the common {V4Cl} motif. The
units in place of the four bridging oxo-ligands. c) Illustration of structure-directing
loride generates a {V14As8Cl2} capsule, while nitrate generates a {V10As7} cluster

onate or arsenate ligands. The geometry of the bridging ligands and nuclearity of the
emplate units as well as water molecules [144,146,147].
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geometry of the capsule. In the simplest example of this principle,
two of these {V4X} units can be combined with triangular phospho-
nate or arsonate ligands and a {V4} belt to generate {V12} capsules
[143–145]. Additional vanadate units can be added to the belt unit
to generate a closely related {V14} species [146]. In each case, the
capsule units are filled by the templating halides and water mole-
cules. The importance of the chloride template was demonstrated
in the case of the {V14} species, where replacement of chloride with
nitrate in the reaction mixture generated an unrelated {V10} spe-
cies (see Fig. 9c) [146].

The capsule systems can be further expanded by expanding the
coordination mode of the capping ligands. In the {4.211} binding
mode, arsonate ligands approximate a trapezoidal geometry,
allowing each arsenate ligand coordinating to two vanadates in a
{V8} belt unit to generate a {V16} species. Interestingly, two isomers
of this capsule can be generated, based on whether the templating
halide is a chloride or bromide (Fig. 10) [147]. Depending on which
halide is used, the capping units can be twisted by 45�with respect
to each other to generate two distinct isomers. The well-defined
geometry of the peripheral arsonate ligands offers a potential
building unit in extended architectures, with the halide-
dependent isomerism giving a degree of control over the building
unit geometry [147].

The trapezoidal arsonate template can be used in conjunction
with four {V4Cl} units to generate a torroidal {V16} structure
(Fig. 11) [147]. Interestingly, linking units can be added across
the void in the centre of the torroidal structure by expanding the
coordination mode of the arsenate ligands. A mixed-valent {V20}
structure can be generated by adding two {V2} units across this
structure. These {V2} units are connected to the structure by the
arsonate ligands, which have expanded their coordination modes
to the {5.221} distorted pentagon binding mode [147]. This cage
structure is also filled by templating halide and water molecules.
Finally, by expanding the arsenate binding modes to {6.222}, a
{V24} structure can be generated using the same methodology. This
structure can alternately be understood as a truncated octahedron
constructed from 6x{V4Cl} squares and 8x{arsonate} hexagons, or
as the {V16} torroidal structure capped by two additional {V4Cl}
units. This cage structure contains only halide template ions, which
form a {Cl6} octahedron with Cl-Cl distances of approximately 4 Å.
Fig. 11. The combination of four {V4Cl} units with eight arsenate ligands in trapezoida
Further expansion of the arsenate coordination modes generates {V20As8Cl4} and {V24As
While the versatility in coordination mode of arsenates offers
synthetic flexibility, the coordination mode can be difficult to pre-
dict from first principles. Therefore, using the strategy above with
more well-defined linker ligands should give more synthetic con-
trol over the geometry of the resulting compounds. This was
demonstrated by Zaworotko et al. in 2014 using benzenetricar-
boxylate (BTC) linker ligands (which approximate to distorted
hexagons) to connect {V4Cl} units to generate distorted truncated
octahedral structures. These molecular cage structures contain
large void spaces, and were termed ‘‘hyballs” (hybrid balls) for
their organic-inorganic nature (Fig. 12) [148]. The relatively longer
linkers generated intrinsic voids imparted a permanent porosity to
the system. This allowed the hyballs to be investigated for gas
sorption analyses [148]. Further, the hyball systems could be
cross-linked via intermolecular interactions including hydrogen
bonding and electrostatic interactions to generate extended net-
work structures [148].

The well-defined binding modes of the BTC ligand allow for
rational modification of this structure. The following year, Zawor-
otko et al. reported the same {V4Cl} assembly strategy, but with
one carboxylate position on the BTC ligand replaced (with –H,
–Br or –OMe substituents) [149]. The removal of one carboxylate
moiety effectively generates an approximately trapezoidal ligand,
which alters the resulting vanadate structure from a truncated
octahedron to a torroidal structure (termed a ‘‘hydoughnut”, or
hybrid doughnut) [149]. The authors propose that these hydough-
nut structures could be used in host guest chemistry or assembled
into extended networks in a similar fashion to the hyball systems.
5. Structure-directing l5-halide ions

A closely related unit to the {V4X} unit described above is the
{V5X} unit. As mentioned above, when the {V4X} unit is in a lower
oxidation state (i.e. VIV), it can be stabilised by {RAsO4} or {RPO4}
units, which bridge between the V atoms by coordinating opposite
to the halide ion. The {V5X} unit can be understood as a {VVO5} unit
coordinating in place of these {RAsO4} or {RPO4} moieties
(Fig. 13a). This assembly is then similarly stabilised by peripheral
ligands which bridge along the square edges of this structural syn-
l coordination modes generates an approximately torroidal {V16As8Cl4} structure.
8Cl6} structures [147].



Fig. 12. Benzenetricarboxylate (BTC) in conjunction with the {V4Cl} motif generates truncated octahedron structures (‘‘hybrid balls”), while blocking one carboxylate moiety
(with –H, –Br or –OMe moieties) the torroidal ‘‘hybrid doughnut” structure [148,149].

Fig. 13. a) the {V5X} motif can be understood as a {V4X} motif capped by an additional {VO5} unit. b) The {V5Cl} unit was used in conjunction with a series of dicarboxylate
linkers of different geometry to generate {V15}, {V20} and {V30} hybrid structures [152].

78 C. Healy, W. Schmitt / Coordination Chemistry Reviews 371 (2018) 67–85



C. Healy, W. Schmitt / Coordination Chemistry Reviews 371 (2018) 67–85 79
thon. Examples of this motif have been prepared using both chlo-
ride and bromide templates, and simple carboxylates including
acetate or benzoate ligands to stabilise the unit as an isolated
molecule [150,151].

As expected, the {V5X} unit behaves very similarly to the {V4X}
described in the previous section. For example, the ‘‘hyball” sys-
tems described in Fig. 12 can be generated using either {V4Cl} or
{V5Cl} units through simple modifications of the reaction system
[148].

This methodology of linking {V5Cl} units with polycarboxylate
linkers was expanded in 2016 with a series of impressive struc-
tures presented in 2016 (Fig. 13). Variable dicarboxylate linkers
with distinct binding angles were used to generate structures of
different nuclearity [152]. Simple isophthalate ligands generate
the {V5Cl} analogue of the hydoughnut system presented in the
previous section, as expected. However, a bent thiophene dicar-
boxylate linker generated a {V15} truncated triangular structure,
which represents the first reported example of a trimeric vanadate
metal-organic polyhedron [152]. Meanwhile, moving to a linear
naphthalene dicarboxylate linker generated an intriguing {V30}
structure with truncated octahedral topology [152]. Ferromagnetic
interactions between the VIV centres dominate the magnetic prop-
erties of these compounds [152].

Although templating nucleophiles (including halides and pseu-
dohalides) seem important for the formation of {V4X} and {V5X}
units [137–140], the structure-directing agents can be displaced
while leaving the units intact. This strategy was exploited to gen-
erate cage structures using linear diphosphonate ligands to bridge
between two {V5} units [144,145]. These cage structures contain
only solvent molecules. This may simply be due to a size effect –
extending the linker length can generate cages sufficiently large
to contain two pseudohalide (N3

�) templates [153]. Again, ferro-
magnetic interactions between the VIV ions dominate the magnetic
properties [144,145]. The same template displacement approach
Fig. 14. The {M6X} ‘‘inverted octahedron” motif can be stabilised by a variety of ligands,
ligands (bottom). The phosphonate stabilised motif possesses open coordination sites w
capping phenda ligands block these sites and prevent further aggregation [154,160,161]
can also be applied to generate isolated {V4} complexes and {V12}
capsules [144,145].

6. Structure-directing l6-halide ions

Hexacoordinate halide ions represent particularly interesting
structure-directing agents. In the most common l6-halide-
templated coordination compounds, a central ligand species occu-
pies the centre of an octahedron whose vertices are composed of
metal atoms. Thus this {M6X} motif represents an inversion of
the familiar {MX6} octahedral coordination environment. This ‘‘in-
verted octahedron” can be generated using manganese (III) ions
and a chloride or bromide template [154,155]. This arrangement
is geometrically suitable for eight phosphonate ligands to bind to
the metal centres, with each phosphonate O-donor coordinating
in a {3.111} mode, effectively capping the faces of the halide-
templated octahedron (Fig. 14) [154].

The coordination environments of the manganese (III) centres
are completed by terminal O-donors or N-donors, which occupy
the Jahn-Teller axes of the respective metal centres, in a trans-posi-
tion relative to the halide ion. Use of bifunctional ligands such as
4,40-bipyridine can link the octahedral {M6X} units into extended
structures including polymer chains [154]. Supramolecular p-p
stacking interactions can also lead to the formation of gel-like
aggregates (Metal-Organic Gels, or MOGs) constructed from the
{M6X} octahedral motif. These gels can be destroyed by mechanical
agitation, but will spontaneously reform from solution (Fig. 14)
[154].

Analogous compounds can also be generated using vanadyl
(V = O) in place of the manganese (III) centres [156–158]. In this
case, the capping ligand can be either tert-butyl- or phenyl-
phosphonate, with either a chloride or bromide as a central tem-
plate [156,157]. A similar motif can be obtained using triangular
tris-alkoxide ligands and a central fluoride template, but in this
including phosphonate ligands (top) and capping phenanthrolinediacetate (phenda)
hich can be used to generate extended structures (polymers and gels), while the
.
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instance the cage distorts significantly, with the fluoride displaying
shorter bonds to three of the vanadate centres (c. 2.25 Å) when
compared to the other three (ca. 2.50 Å) [158]. Based on crystallo-
graphic evidence, in one report, the authors proposed that the
outer {V6} cage structure can also form around OH� or {HCl} units
[157].

Chemical reduction of the manganese (III) system to manganese
(II) removes the significant Jahn-Teller distortion from the metal
centres, effectively shortening the M-X distance [159]. This
arrangement can be stabilised by twelve pivalate ions, which each
ligand capping one edge of the {M6X} octahedral motif [159]. In
this instance, the pivalate ligands coordinate asymmetrically in
{2.21} binding modes, making each manganese centre seven-
coordinate.

The most successful strategy for generating the octahedral
{M6X} motif is by using 1,10-phenanthrolene-2,9-dicarboxylate
(phenda) capping ligands. These capping ligands were first used
independently in 2010 by Miao et al. and Chen et al. to generate
iron (II) and cobalt (II) examples, but the series has since been
expanded to include manganese (II) and nickel (II) compounds
[160–162]. In these systems, each ligand caps two adjacent edges
of the octahedral motif, coordinating to one metal centre with
two N-donors and bridging between this metal centre and two
adjacent metal centres with the O-donors [160–162]. Magnetic
susceptibility measurements were conducted for all of these
phenda compounds, with predominantly antiferromagnetic inter-
actions dominating the systems. In the case of cobalt (II), it was
shown that the central halide ion can be either chloride or fluoride,
but the motif could not be generated around bromide or iodide
templates [161]. At low temperatures, the chloride and fluoride
templates had significant effects on the magnetic exchange
between metal centres.

In the manganese-pivalate system and the phenda-supported
systems, each metal centre is seven-coordinate, effectively block-
ing any additional ligands from coordinating to the metal centres.
In the vanadyl systems, the terminal V@O bonds are extremely
stable and so the terminal oxo-ligand cannot be readily replaced.
Thus, only in the manganese (III) phosphonate system is there a
ligand which is sufficiently labile to be replaced while retaining
the core structure. Thus, only this system can be modified to gen-
erate polymer and gel systems, while the others remain as coordi-
natively saturated molecular species (Fig. 14).

A final l6-halide-templated motif to be mentioned is the {M6X}
‘‘barrel” motif, in which six metal atoms form a planar ring around
the central halide template [163–166]. This motif is generally sta-
bilised by a macrocyclic organosiloxanolate ligands, which cap
above and below the {M6X} ring to generate the barrel structure
[163–166]. First reported in 1992 with manganese, cobalt, nickel
and copper examples [163], investigations into mixed-metal ana-
logues of the barrel motif were carried out over the subsequent
decade [164–166]. The barrel motif re-emerged in 2011 with the
isolation of a {M6X} ring structure, [Cl � CuII

6(OH)6(L)6]�, where L
represents pyrazole ligands [167]. The pyrazole and hydroxide
ligands alternate around the ring, generating a ‘‘double calix” struc-
ture. The structure was investigated for host-guest chemistry, with
the hydroxide and chloride-lined cavities formed a complementary
hydrogen bonding pocket for chloroform [167]. Moreover, the pyra-
zole ligands extended in a well-defined trigonal antiprism, allowing
the copper units to be connected into extended framework struc-
tures via the incorporation of linking cadmium ions [167].
7. Larger entities

Few examples of larger halide-templated polynuclear assem-
blies (i.e. {MnX} species where n > 6) exist for first-row transition
metal ions. Steric crowing and Coulombic repulsion between the
metal centres prevent such large numbers of metal centres aggre-
gating around a single anion. However, the vanadates represent a
significant exception to this principle. Many examples of high
nuclearity vanadates with encapsulated anions exist, including
halides, pseudohalides, nitrates, etc., with the shape of the encap-
sulated ion influencing the shape of the clusters
[133,140,168,169]. In mixed-valence examples of these large vana-
date clusters, charge delocalisation between the metal centres is
common, giving rise to interesting electronic and magnetic beha-
viour [169,170].

The obvious question is how such small templating species
could generate such large cluster species. Indeed, in the case of
one {V12Cl} capsule, it has been demonstrated by DFT calculations
that the chloride effectively offers zero stabilisation to the cluster –
the stabilisation offered by Cl-V interactions is almost exactly can-
celled out by the Cl-O repulsion [171]. In cases such as this, the
template does not stabilise the cluster per se; instead, the anion
is important for the initial stages of aggregation, templating a con-
cave vanadate structure (c.f. the {V4X}, {V5X} and {V6X} species
described above) [137–140]. Subsequent growth and aggregation
of vanadate fragments continues in a concave fashion, and
although the anion offers less and less to the cluster in terms of sta-
bilisation, the halide is effectively trapped inside a growing cage
structure (Fig. 15). The overall result is a large ‘‘anion templated”
vanadate cage with very little V-X interaction [133,168].

In the large family of vanadate clusters, {V12X} clusters offer a
particularly interesting set of compounds. [V12O32Cl]5� can exist
in one of several isomers – the closed, tube, and open isomers
[172–174]. The ‘‘open” isomer represents a bowl-shaped cluster,
which can incorporate anionic guests into the central cavity
[175,176]. In this configuration, one face of the guest anion is
exposed so it can interact with other species in solution. This
was exploited in one instance to generate an ‘‘empty bowl” species
by precipitating AgCl from solution. Upon re-addition of chloride to
the solution, the empty bowl system was shown to recapture chlo-
ride into its cavity [172]. In the closed isomer [174], however, the
central chloride is sufficiently shielded from solution and so it can-
not be removed by precipitation as a silver salt [172]. The open and
closed isomers can be interconverted, apparently proceeding via
the tube isomer [172].

The tube isomer of the {V12Cl} cluster represents a particularly
interesting unit in POM chemistry [171,177]. This cluster has a
ring-like structure around the central chloride ion. On either side
of the ring there are two ‘‘lacunary sites”, with multiple oxo-
ligands arranged in a favourable configuration to bind heteromet-
als. Adding heterometals into lacunary sites is a common strategy
to generate mixed-metal POM units, but in this instance there are
two distinct lacunary sites on the same molecule.

Demonstrating a remarkable degree of synthetic control over
the formation of heterometallic POM systems, Streb et al. used
ammonium cations to ‘‘block” these lacunary sites – subsequent
displacement of the ammonium cations allowed the authors to
generate mono- or di-substituted vanadate systems in a controlled,
stepwise manner [171,177]. Fe, Co, Mn, Cu and Zn substituted ana-
logues of the {V12Cl} unit have been generated. Initial catalytic
tests indicated that both the mono- and di-substituted manganese
analogues were competent catalysts for oxidative CAH activation
reactions [177]. Further catalytic tests would be extremely inter-
esting, especially considering the unusual degree of control over
heterometal substitution. Magnetically and optically interesting
lanthanide ions can also be incorporated at either one or both of
the lacunary sites of the {V12Cl} tube isomer [178,179].

Although the central halide is in principle a passive prisoner
inside the vanadate cage, halide substitution can still have a signif-
icant impact on the chemistry of the clusters. Streb et al. presented



Fig. 15. a) Anion templates are often important for the initial templating of concave vanadate clusters, but as these clusters grow the vanadate-anion interaction tends to
decrease. This can result in vanadate cage structures with an anionic guest molecule trapped inside, which does not necessarily contribute to the stability of the cluster. b) The
open, tube, and closed isomers of the {V12O32X} structure [133,172].
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two isostructural bismuth-substituted {V12X} clusters, [X(Bi
(DMSO)3)2V12O33]�, and examined their activity as photocatalysts
for oxidative dye degradation [180,181]. Despite the weak
interactions between the halide and vanadate, a significant
increase in activity was seen for the bromide case. This is
attributed to the heavy atom effect of the bromide, which
facilitates more efficient singlet-triplet transitions in the excited
state photocatalyst [180].

The {V12O32X} structure can also be generated with cerium ions
at the lacunary sites in place of bismuth. These compounds were
also shown to be active for the photocatalytic oxidation of dye
molecules [182]. Importantly, the {V12O32X} structure is chiral,
which the authors suggest might allow for asymmetric photocat-
alytic oxidations.

Vanadate structures with higher nuclearity are also possible. A
[V14O36Cl]5� cluster has a ‘‘flower basket” structure, with a concave
basket unit topped by a bridging ‘‘handle”. Interestingly, this clus-
ter exhibits strong blue luminescence, which is relatively unusual.
The authors postulate that this arises from a strong LMCT absor-
bance band in the UV [183]. Meanwhile, a closed-shell {V14Cl} clus-
ter, [V14O38Cl]7�, can be generated from a rearrangement reaction
of the open isomer of the [V12O32Cl]5� system [173].

A {V15Cl} cluster, [V15O36Cl]6�, represents a ‘‘closed shell” vana-
date structure, and was one of the earliest reported halide-
templated vanadate structures. The cluster is formally designated
as a {VV

7VIV
8 } system, but charge delocalisation occurs between the

metal centres [184]. Since the initial report, analogues of this cluster
have been reported in a variety of oxidation states. These analogues
are generally prepared as solid-state composites with a variety of
cationic species, with a focus on structural and magnetic studies
[185–190]. The {V16Cl} cluster is similar, with studies again focusing
on structural aspects of solid-state composites [38,189–192]. {V16}
clusters can also be generated with fluoride or bromide templates
[189].
8. Conclusions

In conclusion, relatively simple structure-directing agents can
be used to generate complicated coordination compounds by com-
bining multiple templates to generate a sophisticated, well-defined
architectures. Templating species bias a coordination compound
towards a particular geometry, with simple templates generating
polynuclear entities with simple geometries (triangles, squares,
hexagons, etc.). However, when multiple templating species are
used in combination, much more interesting species can be
obtained, with geometries resembling Platonic and Archimedean
solids and beyond. Cage structures, framework structures, and
giant molecular structures (among others) can be predicted and
rationalised using this simple approach of combining multiple
structure-directing agents. The complexity of structures that can
be generated from simple templates allows a wide range of appli-
cations to be accessed, including catalysis, magnetism, and host-
guest chemistry.

This review focussed on the structure-directing effects of halide
templates – although the principles explored here are applicable to
a much wider array of structure-directing agents. Halides can gen-
erate simple triangle and square units, Platonic and Archimedean
solids, cubanes, supertetrahedra, shuttlecock motifs, nano-
assemblies, frameworks, and hybrid cage structures – simply
through combination with suitable complementary structure-
directing agents.
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We hope that this review was able to elucidate some of the
structural motifs generated by simple template species, and how
simple building principles can generate remarkable coordination
compounds by exploiting multiple template effects in concert with
one another.
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